1. Introduction {#sec1-molecules-22-00102}
===============

Excessive oxidative stress triggered by the generation of reactive oxygen species (ROS) has been linked to aging, neuroinflammation and neurodegenerative diseases such as Alzheimer disease, multiple sclerosis and peroxisomal leukodystrophies \[[@B1-molecules-22-00102]\]. Microglia plays a central role in the neuroinflammation and in the physiopathogenesis of these disorders by producing proinflammatory molecules, such as tumor necrosis factor-α (TNF-α), interleukin-1 and 6, and nitric oxide (NO) \[[@B2-molecules-22-00102],[@B3-molecules-22-00102],[@B4-molecules-22-00102]\]. Overproduction of ROS by activated microglia may affect healthy neurons thereby triggering neurodegeneration \[[@B5-molecules-22-00102]\]. It has been reported that conditioned media induced microglia-damaged neurons \[[@B6-molecules-22-00102]\] and that lipopolysaccharides (LPS)-activated microglia induced death of developing oligodendrocytes \[[@B7-molecules-22-00102]\]. Furthermore, LPS activates microglia in the brain of animal models for sepsis \[[@B8-molecules-22-00102]\]. Generation of ROS by LPS-activated microglia plays a key role in the triggered neurotoxicity \[[@B9-molecules-22-00102]\], which can be largely reduced by neutralizing the extracellular hydrogen peroxide and superoxide by catalase and superoxyde dismutase treatment respectively \[[@B10-molecules-22-00102],[@B11-molecules-22-00102]\]. Such results underlined the antioxidant role of peroxisomal proteins, particularly catalase.

Interestingly, peroxisomes are increasingly recognized as potential regulators of oxidative stress-related signaling pathways \[[@B12-molecules-22-00102]\]. Hence, many peroxisomal enzymes catalyze redox reactions with the generation of hydrogen peroxide as a by-product. Excessive generation of ROS is known to disturb peroxisomal functions \[[@B13-molecules-22-00102]\]. Peroxisome defect is associated with rare inborn errors of peroxisomal metabolism and peroxisomal leukodystrophies are part of neurodegenerative diseases with a progressive demyelination \[[@B1-molecules-22-00102],[@B14-molecules-22-00102],[@B15-molecules-22-00102]\]. The origin of several of these leukodystrophies is linked to the absence of functional peroxisomal β-oxidation of very long chain fatty acids (VLCFA) due to the absence of one functional peroxisomal protein involved in the peroxisome biogenesis (i.e., Zellweger syndrome), in the transport or in the metabolism of VLCFA in the peroxisome (i.e., x-adrenoleukodystrophy and acyl-CoA oxidase 1 (ACOX1) deficiency) \[[@B1-molecules-22-00102],[@B14-molecules-22-00102],[@B15-molecules-22-00102]\]. The absence of functional peroxisome caused progressive demyelination and recent data point out oxidative stress as the first hit in the development of neurodegeneration and demyelination \[[@B16-molecules-22-00102]\].

Numerous data are supporting the beneficial role of dietary antioxidant and anti-inflammatory phytochemicals to reduce the deleterious effect of ROS and associated inflammatory processes related to neurodegenerative diseases \[[@B17-molecules-22-00102]\]. *Opuntia ficus-indica*, commonly referred to as prickly pear or nopal cactus, is used in the sub-Saharan traditional medicine pharmacopeia and isolated compounds from its different aerial parts (cladodes, flowers and fruits) revealed antioxidant, anticancer, neuroprotective, hepatoprotective, and antiproliferative properties \[[@B17-molecules-22-00102]\]. The cactus cladodes contain vitamins, antioxidants and various flavonoids, particularly quercetin 3-methyl ether, a highly efficient radical scavenger \[[@B18-molecules-22-00102],[@B19-molecules-22-00102]\]. This supports the hypothesis that *Opuntia ficus indica* derived extracts might alleviate neuronal damages resulting or not from microglial activation.

Previous reports related to the effect of LPS on peroxisome functions revealed that these endotoxins altered peroxisomal membrane composition, diminished the yield of peroxisome fraction in rat liver and enhanced peroxisomal proteins expression \[[@B20-molecules-22-00102],[@B21-molecules-22-00102]\]. We have recently shown down-regulation of genes involved in hepatic peroxisomal fatty acid oxidation (FAOx) in mice exposed to LPS \[[@B22-molecules-22-00102]\]. LPS strongly decreased the activity of ACOX1 and the oxidation of VLCFAs in rat C6 glial cells \[[@B23-molecules-22-00102]\]. In ACOX1-deficient fibroblasts, LPS treatment induced the peroxisomes proliferation through the activation of PPARα and PGC-1α \[[@B24-molecules-22-00102]\]. Intriguingly, data compilation regarding the nature of LPS used in the activation of microglial BV-2 cells revealed a great structural diversity from the published literature, whenever LPS serotype is clearly indicated in the related papers \[[@B4-molecules-22-00102]\] (supplementary references). Recently, a systematic review of the in vivo experiments evidenced the disparity in timing and intensity of the LPS-dependent microglia reaction \[[@B25-molecules-22-00102]\]. Such disparity in the generated data can be explained, in all likelihood, by the structural dissimilarity of LPS used in these studies for microglia activation. Thus, the misinterpretation of results can be increased by the great variation in the used conditions of cell culture and LPS serotype. LPS is derived from the gram-negative bacteria, in which it is an integral component of the outer leaflet of the outer membrane \[[@B26-molecules-22-00102]\]. [Figure 1](#molecules-22-00102-f001){ref-type="fig"}A presents simplified structures of enterobacteria LPS. Indeed, LPS consist of three parts: (i) The lipid A, composed of two β1-6-linked *N*-acetylglucosamines (GlcNAc) substituted with six fatty acids (with chain length ranging from C12 to C16, buried in the bacterial outer membrane) as ether amino or hydroxyl linkage and with phosphate esters. Lipid A structure varies between bacterial strains in terms of fatty acids chain number, composition, phosphorylation and amination; (ii) the core, a polysaccharide moiety (composed of 3-deoxy-[d]{.smallcaps}-mannooctulosonic acid, heptose, glucose, galactose and GlcNAc with possible phosphorylation and amination), linked to the lipid A; (iii) and the O-antigen, composed of repetitive units of polysaccharides, defines the serotype of bacterial strains and can be composed of glucose, galactose, rhamnose, mannose or abequose \[[@B26-molecules-22-00102]\].

In the present work, we investigated the antioxidant and anti-inflammatory effects of *Opuntia ficus-indica* cactus cladode extracts in LPS-activated microglia BV-2 cells. Four different LPS serotypes with different lengths and structures ([Figure 1](#molecules-22-00102-f001){ref-type="fig"}B) were used to activate BV-2 cells \[[@B26-molecules-22-00102],[@B27-molecules-22-00102],[@B28-molecules-22-00102]\]: two *E. coli* LPS differ only in the O-antigen chemical composition ([Figure 1](#molecules-22-00102-f001){ref-type="fig"}B); and two LPS from *Salmonella minnesota* strains (*S. minnesota*), one corresponds to the long form issued from the smooth strain (S) and the second one results from defects in LPS biosynthesis leading to truncated "rough" LPS chemotype, with the absence of O-antigen and a shortened core (*Re* form) \[[@B28-molecules-22-00102]\]. The antioxidant activity of the different cladode extracts was evaluated through the measurement of catalase and ACOX1 activities, aiming to specify the preventive effect of cactus extracts on peroxisomal dysfunction during LPS-dependent microglia activation, while the anti-inflammatory activity was tested with NO production by BV-2 cells.

2. Materials and Methods {#sec2-molecules-22-00102}
========================

2.1. Chemicals {#sec2dot1-molecules-22-00102}
--------------

LPS were obtained from Sigma-Aldrich, St. Quentin Fallavier, France (*Escherichia coli O55:B5*, L2880; *E. coli O111:B4*, L2630) and from Enzo Life Sciences, Villeurbanne, France (*Salmonella minnesota* S-Form, ALX-581-020; *S. minnesota* R595 (Re), ALX-581-008).

2.2. BV-2 Microglia Cell Culture {#sec2dot2-molecules-22-00102}
--------------------------------

Murine microglial BV-2 cell lines (BV-2) were grown in a 5% CO~2~ incubator at 37 °C in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (*v*/*v*) heat inactivated fetal bovine serum (FBS) and 1% antibiotics (penicillin, streptomycin); culture medium was changed every 2 days. BV-2 cells were seeded on 6-well microplates at 5 × 10^5^ cells/well for viability assay, 96-well microplates at 2 × 10^4^ cells/well for the NO assay, 24-well microplates at 1 × 10^5^ cells/well for catalase activity and Western blotting analysis. Cells were treated with 10, 30 or 100 µg/mL of cactus cladodes extracts and LPS at 1 µg/mL dissolved in fresh DMEM with 5% of FBS.

2.3. Cactus Extracts Preparation {#sec2dot3-molecules-22-00102}
--------------------------------

Four cactus cladode extracts were prepared with solvents of increasing polarity using hexane and chloroform as non-polar solvents and ethylacetate and methanol as polar solvents \[[@B29-molecules-22-00102],[@B30-molecules-22-00102]\]. Forty milligrams of cladodes from *Opuntia ficus-indica* plants were dried at 50 °C for 48 h, grinded, macerated with methanol 80% for 48 h and filtered. Filtrate was then successively extracted with hexane, chloroform, ethylacetate and finally methanol. The four extracts were evaporated and residues were dissolved in DMSO 50% and kept at 4 °C in darkness up to use.

2.4. MTT Assay {#sec2dot4-molecules-22-00102}
--------------

The cell proliferation and/or mitochondrial activity were measured using MTT (3-(4,5-dimethyltrazol-2-yl)-2,5-diphenyltetrazolium bromide) assay \[[@B31-molecules-22-00102]\]. Cells, plated in 6-wells plates, were treated for 24 h with the four different serotypes of LPS (1 or 2 µg/mL) or the four cactus extracts (100 µg/mL). Cells were incubated for 2 h with MTT dye followed by the absorbance (Abs) measurement at the 570 nm with a microplate reader.

2.5. Staining with Crystal Violet Assay {#sec2dot5-molecules-22-00102}
---------------------------------------

Quantification of the adherent cell was estimated by staining with crystal violet \[[@B32-molecules-22-00102]\]. Cells were seeded in 6-wells plates and treated for 24 h with the four different serotypes of LPS (1 or 2 µg/mL) or the four cactus extracts (100 µg/mL). At the end of treatment, cells were washed with phosphate buffer saline, stained with crystal violet, rinsed with water and after methanol addition, the optical density (OD) was measured at the 570 nm with a microplate reader.

2.6. Nitrite Assay {#sec2dot6-molecules-22-00102}
------------------

The production of NO was determined by measuring nitrite (NO~2~^−^) accumulation in the cell culture media. BV-2 cells were pretreated with the four different cactus cladodes extracts at 10, 30 or 100 µg/mL for 4 h and then stimulated with 1 µg/mL LPS for 24 h. The accumulated nitrite in the culture supernatant, used as an indicator of NO production, was measured using the Greiss reaction method \[[@B33-molecules-22-00102]\]. Each supernatant was mixed with an equal volume of the Greiss reagent (Sigma-Aldrich) and the absorbance of the mixture was measured at the 540 nm with a microplate reader.

2.7. Preparation of BV-2 Cell Lysate {#sec2dot7-molecules-22-00102}
------------------------------------

After treatment of BV-2 microglia cells with the four different cactus cladodes extracts and with LPS for 24 h, cells were washed with PBS buffer and 1 × 10^5^ cells were lysed in 50 µL of Radioimmunoprecipitation assay (RIPA) buffer: 50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.5% Na-deoxycholate, 0.1% sodium dodecylsulfate, 150 mM NaCl, 2 mM Ethylenediamine tetraacetic acid (EDTA), 50 mM NaF. Cells were placed in ice for 30 min and the lysate was cleared by centrifugation at 20,000× *g* for 20 min. Protein content was assessed by a bicinchoninic acid assay \[[@B34-molecules-22-00102]\]. The supernatant was stored at −80 °C until further use.

2.8. Enzymatic Activity Measurement {#sec2dot8-molecules-22-00102}
-----------------------------------

For catalase activity measurement, 10 µL of BV-2 cell lysate was added to 190 µL of Tris HCl buffer (pH = 7.4) containing 20 mM H~2~O~2~ and the decrease of the absorbance was monitored at 240 nm for 2 min \[[@B35-molecules-22-00102]\]. The change in absorbance with time was proportional to the breakdown of H~2~O~2~. The catalase activity was expressed as units/mg of protein. ACOX1 activity measurement was performed as described by Oaxaca-Castillo D. et al. \[[@B36-molecules-22-00102]\].

2.9. Western Blotting Analysis {#sec2dot9-molecules-22-00102}
------------------------------

The BV-2 microglia were pretreated with the four different cactus cladodes extracts at 10, 30 or 100 µg/mL for 4 h and then stimulated with LPS at 1 µg/mL for 24 h; the cells were lysed in lysis buffer. For Western blotting analysis, 30 µg of protein was separated by 15% SDS-page and transferred onto polyvinylidne difluoride (PVDF) membranes \[[@B37-molecules-22-00102]\]. Membranes were blocked using blocking buffer Tris-buffered Saline buffer containing 5% milk, 0.1% Tween 20 (TBST) and washed three times with TBST 5 min each. Membranes were incubated with rabbit anti-catalase antibody (1:1500) in 5% milk in TBST at room temperature for 3 h, washed three times with TBST, incubated with a goat anti-rabbit secondary antibody coupled to horseradish peroxidase for 1 h and developed using enhanced chemiluminescence (ECL) Western blotting detection (Santa Cruz Biothechnology, Inc., Heidelberg, Germany).

2.10. Statistical Analysis {#sec2dot10-molecules-22-00102}
--------------------------

Statistical analyses to compare two experimental groups were performed with an unpaired, two-tailed, Student-t test (Excel software) for calculating the probability values; and data were considered statistically different at a *p*-value of 0.05 or less.

3. Results {#sec3-molecules-22-00102}
==========

3.1. Effect of Different LPS on Mitochondrial Status and Viability of Microglial BV-2 Cells {#sec3dot1-molecules-22-00102}
-------------------------------------------------------------------------------------------

A MTT test was performed to estimate the effect of different LPS on mitochondrial function and BV-2 cells viability. The amount of formazan produced is proportional to the number of metabolically active viable cells and involves the transfer of electrons to MTT by reducing molecules, such as NADH \[[@B38-molecules-22-00102]\]. Both LPS, at 1 or 2 µg/mL, from *E. coli*, showed after 24 h an increase in the mitochondrial dehydrogenases activity. Only the smallest LPS from rough *S. minnesota Re*, with less oligosaccharides units on the core region and missing the O-antigen part, enhanced the activity of mitochondrial dehydrogenases ([Figure 2](#molecules-22-00102-f002){ref-type="fig"}A) after 24 h at the used concentrations of 1 or 2 µg/mL. A MTT assay also reflects cell viability and proliferation under different LPS treatments. Regarding the obtained results, we can conclude that LPS from both *E. coli* and *S. minnesota Re* were more prone to increase by 10% to 20% BV-2 cells viability and proliferation ([Figure 2](#molecules-22-00102-f002){ref-type="fig"}A). BV-2 microglial cells are reputed semi-adherent cells in DMEM medium. As shown by a crystal violet assay ([Figure 2](#molecules-22-00102-f002){ref-type="fig"}B), treatment with structurally different LPS had no significant effect on BV1 cell adhesion. This observation seems to be coherent with the obtained results for the MTT test.

3.2. Effects of Cactus Cladode Extracts on Mitochondrial Status and Viability of Microglial BV-2 Cells {#sec3dot2-molecules-22-00102}
------------------------------------------------------------------------------------------------------

A MTT test was performed to estimate the effect of the four cactus extracts on mitochondrial function and BV-2 cell viability. As shown in [Figure 2](#molecules-22-00102-f002){ref-type="fig"}C, the hexane extract and n-butanol extract have an opposite moderate effect on BV-2 cell viability. The former decreased the viability by −30%, while the latest increased BV-2 viability by +18%. On the other hand, using the crystal violet test, we showed that only chloroform and ethyl-acetate extracts have a negative effect on growth and adherence of BV-2 cells ([Figure 2](#molecules-22-00102-f002){ref-type="fig"}D). These negative effects were estimated to be −15% for the chloroform extract and to be −20% for and the ethyl-acetate extract respectively.

3.3. Effects of Different LPS on Peroxisomal Functions in Microglial BV-2 Cells {#sec3dot3-molecules-22-00102}
-------------------------------------------------------------------------------

Peroxisome organelle is characterized by the presence of more than a dozen oxidase-producing H~2~O~2~ as a by-product and also catalase as an H~2~O~2~-degrading enzyme. Hence, we measured in BV-2 cells, after LPS treatment, the activity of ACOX1, the rate-limiting enzyme of peroxisomal β-oxidation, and the activity of catalase, the peroxisomal antioxidant enzyme. Intriguingly, results showed that different LPS impact ACOX1 activity differentially and catalase activity. Thus, both *E. coli* serotypes, *O111* and *O55* respectively, showed a dose-dependent decrease of ACOX1 activity in BV-2 cells after 24 h LPS treatment. ACOX1 activity was decreased by −25% to −35% with *O111 E. coli* serotype and −18% to −35% for *O55 E. coli* serotype respectively. *S. minnesota* serotypes generally had a slight (+13%) or no effect on ACOX1 activity ([Figure 3](#molecules-22-00102-f003){ref-type="fig"}A). By contrast, catalase activity was clearly decreased with both *S. minnesota* serotypes treatments. In the presence (*S*) of O-antigen, the catalase activity was decreased by −25% to −40%, relative to the control, while the absence of the O-antigen (*Re*) revealed a 43% decrease of catalase activity. However, *E. coli* serotypes treatment exhibited a significant but a relatively slight decrease estimated to be −12% to −20% for *O111 E. coli* serotype and −20% to −25% for *O55 E. coli* serotype ([Figure 3](#molecules-22-00102-f003){ref-type="fig"}B). Thus, regarding the effect different LPS on peroxisome functions, the effect of LPS on peroxisomal antioxidant function were inversely proportional to the effect on the activity of peroxisomal β-oxidation in BV-2 microglial cells. The protein levels of ACOX1 and catalase were evaluated by Western blotting. As shown in [Figure 4](#molecules-22-00102-f004){ref-type="fig"}, except *E. coli O111* serotype, which increases the catalase level by 1.4 to 1.7 fold, all the LPS serotypes decreased the level of catalase (0.3 to 0.6 fold) in BV-2 cells. ACOX1 level was only slightly decreased by different LPS, except *E. coli O111* serotypes for which we can see an increased expression of ACOX1 (2 to 2.6 fold) as for catalase ([Figure 4](#molecules-22-00102-f004){ref-type="fig"}).

3.4. Effects of Cactus Cladode Extracts on Catalase Expression in Microglial BV-2 Cells {#sec3dot4-molecules-22-00102}
---------------------------------------------------------------------------------------

Intriguingly, extracts obtained with hexane, chloroform or ethyl-acetate decreased significantly the catalase activity between −20% and −55% in BV-2 cells after 24 h treatment, except for the hexane extract at the concentration of 100 µg/mL, showing an increase of 30% ([Figure 5](#molecules-22-00102-f005){ref-type="fig"}A). In the presence of LPS (from *Salmonella minnesota S* serotype) ([Figure 5](#molecules-22-00102-f005){ref-type="fig"}B), low dose, at 10 µg/mL, of the hexane extract, we observed a greater decrease (−45%) in catalase activity when compared to the LPS treatment alone. However, higher concentrations of the hexane extract or different doses of the other *Opuntia* extracts (chloroform, ethyl-acetate or *n*-butanol) reestablished catalase activity at the same or higher level than the control ([Figure 5](#molecules-22-00102-f005){ref-type="fig"}B). Interestingly, treatment with different extracts had no significant effect on catalase at the protein level (data not shown). This indicates that changes in catalase activity were the result of the modulation of the enzymatic activity.

3.5. Anti-Inflammatory Effect of Cactus Cladode Extracts on NO Production in Microglial BV-2 Cells {#sec3dot5-molecules-22-00102}
--------------------------------------------------------------------------------------------------

To evaluate the anti-inflammatory protective effect of these cactus extracts, we treated microglial BV-2 cells with different extracts at three concentrations: 10, 30 or 100 µg/mL (using DMSO as vehicle) in the presence or absence of LPS from *Salmonella minnesota S* serotype. This serotype was chosen because of its significant effect on catalase activity. After 24 h of treatment, different cactus extracts induced a very slight production (up to 1 µM) of NO when compared to the control ([Figure 6](#molecules-22-00102-f006){ref-type="fig"}A). All extracts reduced the effect of LPS (24 h treatment at 1 µg/mL) on NO production in BV-2 cells, from 4.7 µM under LPS treatment alone to less than 2 µM in the presence of the cactus extract. However, hexane and chloroform extracts were the most efficient in reduction of NO production induced by LPS, with less than 1 µM of NO in a dose-dependent manner ([Figure 6](#molecules-22-00102-f006){ref-type="fig"}B).

4. Discussion {#sec4-molecules-22-00102}
=============

In this study, the antioxidant and anti-inflammatory properties of *Opuntia ficus-indica* cactus cladode extracts were evaluated in microglia BV-2 cells. Different LPS were used to achieve BV-2 cell activation because of the structural heterogeneity of the used LPS serotypes in published studies, whenever it was specified. Therefore, we decided to compare four different serotypes of LPS, which were structurally and biologically well defined \[[@B26-molecules-22-00102],[@B27-molecules-22-00102],[@B28-molecules-22-00102]\] and presenting a specific structural feature in one of their three LPS parts (i.e., O-antigen, core and Lipid A). The *E. coli* and *S. minnesota S* LPS serotypes differ only in the O-antigen part, while *S. Minnesota Re* have no O-antigen and show shorter oligosaccharidic chain length in the core part ([Figure 1](#molecules-22-00102-f001){ref-type="fig"}); the lipid A part is hexacetylated in *E. coli* serotypes, while *S. minnesota* serotypes have an heptacetylated lipid A. We showed that three serotypes revealed only a slight increase (10% to 15%) of BV-2 cells viability, except for *S. minnesota S* serotype. Previous studies have shown a slight or no change in the viability of BV-2 cells after treatment with *E. coli O111:B4* chemotype \[[@B39-molecules-22-00102]\]. Compared to the BV-2 cell line, primary microglia cells (isolated from rat or mouse newborn brains) are more sensitive to this chemotype and show a significant reduction of their viability as earlier as 2 h following LPS treatment \[[@B40-molecules-22-00102],[@B41-molecules-22-00102]\]. For the *E. coli O55:B5* chemotype, reported results have shown no significant effect on BV-2 cell viability, but a decrease of primary microglia viability \[[@B42-molecules-22-00102],[@B43-molecules-22-00102]\]. To our knowledge, the effect of Rough chemotypes of *S. minnesota* on BV-2 cells has not been described yet. However, in our study, only the *Re S. minnesota* chemotype induced a slight increase in BV-2 cell viability.

Here, we showed, for the first time, a differential effect of LPS between two peroxisomal activities (i.e., ACOX1 and catalase activities) in microglia BV-2 cells. Indeed, both *E. coli* serotypes *0111:B4* and *O55:B5* reduced ACOX1 activity (−20% to −40%) but only slightly catalase activity (−10% to −20%). However, BV-2 treatment with *S. minnesota* serotypes revealed a unique effect only on catalase activity (−40%) and no effect on ACOX1 activity. It should be noted that lipid A (from *E. coli*) treatment had no effect on ACOX1 activity (data not shown) indicating that the observed effect is not linked to the lipid A moiety itself. In addition, the expression levels of both ACOX1 and catalase proteins were reduced by all LPS except for *E. coli O55:B5* serotypes. An earlier report from Khan et al. has shown that the *E. coli* LPS inhibits the oxidation of VLCFA, leading to their accumulation in C6 glial cells \[[@B44-molecules-22-00102]\]. Later, the same group showed that the *E. coli 055:B5* chemotype reduced drastically the β-oxidation of VLCFA as well as the expression of ACOX1 and catalase transcripts in the fetal rat brain after maternal LPS exposure \[[@B45-molecules-22-00102]\]. Accordingly, endotoxin treatment deeply impacts liver peroxisomes in a specific manner as other cellular organelles are less affected or not affected. Indeed, Khan M. et al. showed that LPS from *Salmonella typhimurium* (structurally resembling the used *E. coli* serotype in this study) augmented the ratio of cholesterol/phospholipids, the plasmalogen levels and affected the fatty acid composition of the peroxisomal fraction \[[@B46-molecules-22-00102]\]. The mechanism underlying this specific remodeling of peroxisomal lipids is still unknown. Our result showing the LPS-associated reduction of the peroxisomal ACOX1 activity may explain, at least partially, the perturbation of hepatic peroxisome lipid structure and metabolism under LPS treatment, which seems to be completely mediated by Kupffer cells, as liver resident macrophages \[[@B46-molecules-22-00102]\]. Thus, the suppression of ACOX1 activity in microglial cells and its consequence on the peroxisomal capacity in the β-oxidation of VLCFA may have a deleterious effect on brain functions and must be associated to neuroinflammation and neurodegeneration in peroxisomal leukodystrophies, including ACOX1 deficiency \[[@B47-molecules-22-00102]\]. This means that exposure of patients with peroxisomal disorders to bacterial infection may worsen their metabolic dysregulation.

In an attempt to explore the therapeutic potentialities of cactus extracts, we showed here that *Opuntia* cladode extracts prevent LPS-associated catalase activity decrease. This modulation of catalase activity was at the level of the enzymatic activity. It has been shown that a 90-kDa glycoprotein isolated from *Opuntia ficus indica* augmented catalase activity in mice liver \[[@B48-molecules-22-00102]\]. Interestingly, different cactus extracts used in this study revealed a strong preventive effect on the production of NO by LPS in BV-2 cells. Our results underline the capacity of *Opuntia* cladode extracts to suppress the inflammatory response induced by LPS in microglial cells, as reported for other cactus tissue extracts \[[@B49-molecules-22-00102]\]. In addition, in cultured mouse cortical cells, the *Opuntia* fruit extract significantly decreased delayed neurotoxicity induced by *N*-methyl-[d]{.smallcaps}-aspartate-, kainate-, and oxygen--glucose deprivation \[[@B50-molecules-22-00102]\]. Thus, *Opuntia ficus indica* extracts might alleviate neuronal damages resulting from microglial activation.

Collectively, in this study, we showed that cladode extracts from *Opuntia ficus indica* revealed an antioxidant capacity in the modulation of peroxisomal catalase activity and clear anti-inflammatory properties. In addition, the regulation of peroxisomal functions, regarding LPS exposure, is clearly dependent on LPS chemotype; and LPS shape promotes differential responses between the peroxisomal fatty acid β-oxidation and the peroxisomal antioxidant function.
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![Structure of lipopolysaccharides. (**A**) Simplified structure of *E. coli* species LPS. LPS consist of three parts: (i) Lipid A, composed of two β1-6-linked *N*-acetylglucosamines (GlcNAc) substituted with six fatty acids (with chain length ranging from C12 to C16, buried in the bacterial outer membrane, marked with small brackets) as ether amino or hydoxyl linkage and with phosphate esters ("P"). Lipid A structure varies between bacterial strains in terms of fatty acids chain number, composition, phosphorylation and amination (not shown); (ii) the core, a polysaccharide moiety (composed of 3-deoxy-[d]{.smallcaps}-mannooctulosonic acid, heptose, glucose, galactose and GlcNAc with possible phosphorylation and amination), is linked to the lipid A; (iii) the O-antigen, composed of repetitive units of polysaccharides, defines the serotype of bacterial strains and can be composed of glucose, galactose, rhamnose, mannose or abequose. (**B**) Schematic structures of LPS used in this study. Selected LPS show different lengths or composition. Two LPS from *Salmonella minnesota* strains (*S. minnesota*) were used, one corresponds to the long form issued from the smooth strain (S); and the second one results from defects in LPS biosynthesis leading to truncated "rough" LPS chemotype, with the absence of O-antigen and a shortened core (*Re* form) (Huang et al., 2012). *E. coli* LPS differ in the O-antigen composition.](molecules-22-00102-g001){#molecules-22-00102-f001}

![Effect of LPS or cactus extracts on viability (MTT assay; **A** and **C** respectively) and on cell growth (crystal violet assay; **B** and **D** respectively) of BV-2 microglial cells. Cells were treated for 24 h with the four different serotypes of LPS (1 or 2 µg/mL) or the four cactus extracts (100 µg/mL). The results were the mean ± SD of the three independent experiments. Values were normalized to the control and are given as percent of the control. The significance is shown with the Student-t test: *p* \< 0.05 for \*; *p* \< 0.01 for \*\*; *p* \< 0.001 for \*\*\*.](molecules-22-00102-g002){#molecules-22-00102-f002}

![Enzymatic specific activities of (**A**) ACOX1 and (**B**) catalase were measured in BV-2 microglial cells treated for 24 h with the four different serotypes of LPS (1 or 2 µg/mL). The results were the mean ± SD of the three independent experiments. Values were normalized to the control and are given as percent of the control. The statistical significance was calculated with the Student-t test: *p* \< 0.05 for \*; *p* \< 0.01 for \*\*; *p* \< 0.001 for \*\*\*.](molecules-22-00102-g003){#molecules-22-00102-f003}

![Expression levels of ACOX1 and catalase proteins were evaluated by Western blotting analysis in BV-2 cell extracts after LPS treatment with the four different serotypes (1--2 µg/mL) for 24 h (**A**). Expression of protein was quantified by densitometry analysis and normalized to the β-actin; (**B**) and values represent the fold induction relative to the control.](molecules-22-00102-g004){#molecules-22-00102-f004}

![Enzymatic specific activity of catalase was measured in BV-2 microglial cells treated for 24 h with the four different cactus extracts (10, 30 or 100 µg/mL) without (**A**) or in the presence of *Salmonella minnesota S* LPS at 1 µg/mL (**B**). The results were the mean ± SD of the three independent experiments. Values were normalized to the control and are given as percent of the control. The statistical significance was calculated with the Student-t test: *p* \< 0.05 for \* or ^\#^; *p* \< 0.01 for \*\* or ^\#\#^; *p* \< 0.001 for \*\*\* or ^\#\#\#^.](molecules-22-00102-g005){#molecules-22-00102-f005}

![NO production (in µM) by BV-2 cells after 24 h treatment with the four different cactus extracts (10, 30 or 100 µg/mL) without (**A**) or in the presence of *Salmonella minnesota S* LPS at 1 µg/mL (**B**) evaluated by the Greiss test (NO production was determined by measuring nitrite (NO~2~^−^) accumulation in the cell culture media). The significance is shown with the Student-t test: *p* \< 0.05 for \*; *p* \< 0.01 for \*\* or ^\#\#^; *p* \< 0.001 for ^\#\#\#^.](molecules-22-00102-g006){#molecules-22-00102-f006}
